Study Highlights**WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?**☑ There is a lack of mechanistic understanding of the underlying factors causing the large variability in morphine PKs.**WHAT QUESTION DOES THIS STUDY ADDRESS?**☑ This is the first study using PBPK modeling to demonstrate the impact of OCT1 genotype and liver blood flow on morphine CL after intravenous administration.**WHAT THIS STUDY ADDS TO OUR KNOWLEDGE**☑ The pediatric morphine PBPK model showed OCT1 genotype‐dependent and age‐dependent morphine disposition. In addition, sensitivity analysis showed that morphine CL is influenced by changes in cardiac output, which links to hepatic blood flow.**HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS?**☑ This study provides an example of the utility of PBPK modeling to quantitatively assess the multiple factors contributing to variability, including transporter‐related PG effects, in drug disposition.

Morphine is widely used for pain management in pediatric and adult patients. However, clinicians continue to struggle with finding the right dose due to our incomplete understanding of the factors predicting the large variability in morphine pharmacokinetics (PKs) among patients. The variability in morphine disposition is considered to result from a combination of pharmacogenetic and physiological determinants, whereas in pediatric patients the age‐dependent developmental changes also need to be considered.[1](#psp412144-bib-0001){ref-type="ref"}, [2](#psp412144-bib-0002){ref-type="ref"} Application of physiologically‐based pharmacokinetic (PBPK) modeling is recognized as an informative approach to explore the combined effects of the system parameter[3](#psp412144-bib-0003){ref-type="ref"} (e.g., physiology and genetics) and drug parameters (e.g., physicochemical and *in vitro* PK properties). Therefore, the aim of this study was to develop a PBPK model of morphine to assess the multiple determinants contributing to variability in morphine disposition.

After intravenous administration, morphine is mainly eliminated through the liver with ∼10% of drug excreted unchanged in the urine.[4](#psp412144-bib-0004){ref-type="ref"}, [5](#psp412144-bib-0005){ref-type="ref"} Morphine enters hepatocytes via passive diffusion and transporter‐mediated pathways. Morphine is a known substrate of the organic cation transporter 1 (OCT1, gene name *SLC22A1*), which is expressed in the sinusoidal membrane of human hepatocytes.[6](#psp412144-bib-0006){ref-type="ref"} Previously, we showed the impact of OCT1 genotype on morphine clearance (CL) in pediatric patients.[7](#psp412144-bib-0007){ref-type="ref"} After the uptake of morphine into hepatocytes, morphine is metabolized by uridine 5′‐diphosphate glucuronosyltransferase (UGT)2B7.[8](#psp412144-bib-0008){ref-type="ref"}, [9](#psp412144-bib-0009){ref-type="ref"}, [10](#psp412144-bib-0010){ref-type="ref"} Because UGT2B7 is also expressed in the kidneys,[11](#psp412144-bib-0011){ref-type="ref"} the kidneys could also contribute to morphine metabolism. Based on these findings, OCT1 transporter activity was considered one of the important factors in explaining variability in morphine disposition among patients, in addition to UGT2B7 metabolism and renal excretion.

In this study, a PBPK model of morphine was developed to assess the impact of multiple contributing factors to variability in morphine disposition by implementing OCT1‐mediated hepatic uptake transport as well as UGT2B7 metabolism and renal excretion. The predictive performance of the PBPK model was tested for OCT1 contribution based on OCT1‐genotype‐dependent morphine PKs by comparing predicted with observed clinical data. In addition, the contribution of other potential determinants, such as hepatic blood flow level and UGT2B7 activity, on morphine CL was accessed through the sensitivity analysis based on PBPK modeling and simulations.

MATERIALS AND METHODS {#psp412144-sec-0002}
=====================

PBPK model development in adults {#psp412144-sec-0003}
--------------------------------

Simcyp simulator software version 14.1 (Simcyp, Sheffield, UK) was used to develop the morphine PBPK model. This simulator enables the transcription of physicochemical parameters (e.g., molecular weight, lipophilicity) and *in vitro* data (e.g., kinetic parameters of enzyme and transporter functions) into *in vivo* data, based on *in vitro*‐*in vivo* extrapolation methods. In turn, these transcribed parameters are incorporated with anatomic and physiological data, in order to simulate concentration‐time profiles of the drug based on the trial design, as described in the reports by Jamei *et al*.[12](#psp412144-bib-0012){ref-type="ref"}, [13](#psp412144-bib-0013){ref-type="ref"} In this study, the relevant physicochemical parameters, *in vitro*, and *in vivo* data of morphine were collected from the literature. The morphine‐specific data collected are summarized in **Table** [1](#psp412144-tbl-0001){ref-type="table-wrap"}.[4](#psp412144-bib-0004){ref-type="ref"}, [5](#psp412144-bib-0005){ref-type="ref"}, [6](#psp412144-bib-0006){ref-type="ref"}, [14](#psp412144-bib-0014){ref-type="ref"}, [15](#psp412144-bib-0015){ref-type="ref"}, [16](#psp412144-bib-0016){ref-type="ref"}, [17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"} The morphine compound file was developed and validated in the adult Simcyp Simulator model (consisting of adult systems parameters) before being used in the Pediatric Simcyp Simulator model, which considers age‐dependent anatomic and physiological changes. The extrapolation processes for morphine transport and UGT2B7‐mediated metabolism are described in detail in the **Supplementary Methods**. Regarding the prediction of morphine distribution, a full PBPK model based on the method by Rodgers *et al*.[19](#psp412144-bib-0019){ref-type="ref"} and Rodgers and Rowland[20](#psp412144-bib-0020){ref-type="ref"} was used in the simulations. The permeability‐limited liver model was used to describe the liver distribution process.[21](#psp412144-bib-0021){ref-type="ref"}, [22](#psp412144-bib-0022){ref-type="ref"}

###### 

Summary of physicochemical parameters, *in vitro* and *in vivo* data of morphine from the literature

  Parameter                                                                    Value
  ---------------------------------------------------------------------------- ----------------------------------------------------------------
  Molecular weight (g/mol)                                                     285.34[14](#psp412144-bib-0014){ref-type="ref"}
  Log P                                                                        0.77[14](#psp412144-bib-0014){ref-type="ref"}
  pK~a~ (proton on N)                                                          7.93[15](#psp412144-bib-0015){ref-type="ref"}
  pK~a~ (phenolic H)                                                           9.63[15](#psp412144-bib-0015){ref-type="ref"}
  Fraction unbound in plasma                                                   0.62[14](#psp412144-bib-0014){ref-type="ref"}
  Blood‐to‐plasma ratio                                                        1.08[16](#psp412144-bib-0016){ref-type="ref"}
  Plasma binding protein                                                       Human serum albumin (assumed)
  Full PBPK model                                                              
  V~ss~ (Rodgers and Rowland,[19](#psp412144-bib-0019){ref-type="ref"} L/kg)   3.6
  Apparent V~d~ after i.v. administration (L/kg)                               4.0[17](#psp412144-bib-0017){ref-type="ref"}
  Elimination                                                                  
  Enzyme kinetics (HLM)[^a^](#psp412144-note-0002){ref-type="fn"}              
  UGT2B7/3MG                                                                   
  K~m~ (µM)                                                                    115.8[14](#psp412144-bib-0014){ref-type="ref"}
  V~max~ (pmol/min/mg microsomal protein)                                      9,250[14](#psp412144-bib-0014){ref-type="ref"}
  UGT2B7/6MG                                                                   
  K~m~ (µM)                                                                    115.8[14](#psp412144-bib-0014){ref-type="ref"}
  V~max~ (pmol/min/mg microsomal protein)                                      1,917[14](#psp412144-bib-0014){ref-type="ref"}
  Total CL (L/hr)                                                              84[^b^](#psp412144-note-0002){ref-type="fn"}
  Urine excretion ratio (%)                                                    10[^c^](#psp412144-note-0002){ref-type="fn"}
  Renal CL estimate (L/hr)                                                     8
  Permeability limited liver model (PerL)                                      
  Transporter kinetics (HEK293 transfected cells)                              
  OCT1 K~m~ (µM)                                                               3.4 ± 0.3 (mean ± SEM)[6](#psp412144-bib-0006){ref-type="ref"}
  OCT1\*1 (Wild) J~max~ (pmol/min/mg lysate protein)                           29.0 ± 2.7[6](#psp412144-bib-0006){ref-type="ref"}
  OCT1\*2 (420del) J~max~ (pmol/min/mg lysate protein)                         7.21 ± 0.7[6](#psp412144-bib-0006){ref-type="ref"}
  OCT1\*3 (61Cys) J~max~ (pmol/min/mg lysate protein)                          6.25 ± 0.9[6](#psp412144-bib-0006){ref-type="ref"}

CL, clearance; HEK293, human embryonic kidney 293; HLM, human liver microsome; K~m~, kinetic metabolite; OCT1, organic cation transporter‐1; PBPK, physiologically based pharmacokinetic; UGT, uridine 5′‐diphosphate glucuronosyltransferase; V~max~, maximum velocity; V~ss~, volume of distribution at steady state.

^a^Assumed f~u,mic~= 1. ^b^Total CL was recalculated using AUC (ng/mL\*hr) after i.v. administration and morphine free base dose (mg).[18](#psp412144-bib-0018){ref-type="ref"} ^c^Urinary excreted ratio of unchanged morphine was assumed to be 10% from the data of package insert (<http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/202515s000lbl.pdf>) and the report by Osborne *et al*.[4](#psp412144-bib-0004){ref-type="ref"} and Hasselstrom and Sawa.[5](#psp412144-bib-0005){ref-type="ref"}

PBPK model validation using clinical data in adults {#psp412144-sec-0004}
---------------------------------------------------

The predictive performance of the developed adult PBPK model was tested using reported PK data in adult healthy volunteers and patients with cancer.[17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"}, [23](#psp412144-bib-0023){ref-type="ref"}, [24](#psp412144-bib-0024){ref-type="ref"}, [25](#psp412144-bib-0025){ref-type="ref"}, [26](#psp412144-bib-0026){ref-type="ref"} All simulations were conducted based on the trial design used in the respective clinical studies with specific information entered on dose, administration route, subject demographics, age range, proportion of women, and trial size. As for the simulation trial size, a total of 400 virtual individuals were simulated to reasonably capture the expected variability within the population.[27](#psp412144-bib-0027){ref-type="ref"} These parameter settings in the virtual clinical trial simulations were defined as close as possible to those in the original clinical studies. Details on the parameters used for each simulation in this study are summarized in **Supplementary Table S1**.

Clinically observed PK data were used to evaluate the predictive performance of the developed PBPK model. When numeric data were not reported, they were extracted from graphs in the original publications with GetData Graph Digitizer version 2.26 ([getdata‐graph‐digitizer.com](http://getdata-graph-digitizer.com)). The evaluation of the developed PBPK models was performed by visual predictive check and by comparison of the observed and predicted values of the various PK parameters. In the visual predictive check, the observed systemic drug concentration‐time profiles were overlaid with the simulated profiles.

PBPK modeling in children, including OCT1 transporter genetic contribution {#psp412144-sec-0005}
--------------------------------------------------------------------------

The PK simulations of morphine in children were conducted using the Simcyp Pediatric platform version 14 that takes age‐dependent anatomic and physiological changes into account (i.e., age‐dependent organ size, cardiac output, microsomal protein concentration per organ, plasma protein concentration, hematocrit level, UGT2B7 protein expression level, and glomerular filtration rate).[27](#psp412144-bib-0027){ref-type="ref"}, [28](#psp412144-bib-0028){ref-type="ref"} The Simcyp Pediatric simulator generates age‐dependent anatomic and physiological parameters as system parameters for virtual pediatric subjects based on the equation describing the relationship between subject\'s age and each parameter reported by Johnson *et al*.,[28](#psp412144-bib-0028){ref-type="ref"} except the age‐dependent OCT1 protein expression. Regarding age‐dependent OCT1 protein expression, Prasad *et al*.[29](#psp412144-bib-0029){ref-type="ref"} reported that protein expression of OCT1 was not significantly different between children and older age groups, such as adolescents and adults; but there was a difference in neonates and infants compared with the older age groups.[29](#psp412144-bib-0029){ref-type="ref"} It was also reported that the mRNA expression level in the group of 7 years and older was similar to the adult level in human liver.[30](#psp412144-bib-0030){ref-type="ref"} In predictive performance testing using our previously reported clinical PK data obtained from pediatric patients older than 6 years of age,[7](#psp412144-bib-0007){ref-type="ref"} it was assumed that the OCT1 protein expression level was not different between children and adults. The age‐dependent UGT2B7 expression in liver microsomal protein was described with the following equation up to 20 years of age in the Simcyp simulator[31](#psp412144-bib-0031){ref-type="ref"}: fraction of adults = 0.0453 × age (years) + 0.089. Last, the age‐dependent UGT2B7 expression in kidney microsomal protein was assumed the same as in the liver.

Previously published pharmacokinetic‐pharmacogenetic (PK‐PG) data[7](#psp412144-bib-0007){ref-type="ref"} were used to evaluate the predictive performance of the developed pediatric PBPK model and the PG contribution of OCT1 to morphine disposition, as the OCT1 transporter genotype was available for each pediatric patient. The maximum uptake rate for morphine transport in hepatocytes (J~max~, pmol/min/million hepatocytes) estimates, for each OCT1 genotype, was defined as the mean of J~max~\' (pmol/min/mg lysate protein) of the OCT1 variants in the OCT1‐overexpression cell system, as shown in **Table** [1](#psp412144-tbl-0001){ref-type="table-wrap"}.[4](#psp412144-bib-0004){ref-type="ref"}, [5](#psp412144-bib-0005){ref-type="ref"}, [6](#psp412144-bib-0006){ref-type="ref"}, [14](#psp412144-bib-0014){ref-type="ref"}, [15](#psp412144-bib-0015){ref-type="ref"}, [16](#psp412144-bib-0016){ref-type="ref"}, [17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"} For example, the J~max~\' estimate for OCT1\*1/\*2 was calculated as the mean of J~max~\' of \*1 variant (29 pmol/min/mg lysate protein) and J~max~ \*2 variant (7.21 pmol/min/mg lysate protein); (29.0 + 7.21)/2 = 18.1 pmol/min/mg lysate protein, as summarized in **Table** [2](#psp412144-tbl-0002){ref-type="table-wrap"}.[6](#psp412144-bib-0006){ref-type="ref"} The Michaelis‐Menten constant (K~m~) value of 3.4 µM for the OCT1\*1 genotype was taken from the publication of Tzvetkov *et al*.[6](#psp412144-bib-0006){ref-type="ref"} In this study, the same K~m~ value of 3.4 µM was used across three OCT1 genotypes to avoid overparameterization because expressed variant proteins did not show a significant difference in the K~m~ (affinity) of morphine uptake.[6](#psp412144-bib-0006){ref-type="ref"} Using these kinetic parameters for OCT1‐mediated morphine transport, the PK profiles of morphine were simulated for each OCT1 genotype in virtual pediatric subjects using yearly increments from age 6--16 years. The proportion of women in the virtual pediatric population was set at 50%, and the size of the trial simulation was 400 subjects, with 20 trials of 20 subjects performed for each age group. In addition, dose was set at 0.15 mg morphine base/kg administered by bolus injection. Area under the curve to infinity (AUC~∞~) was calculated using the linear trapezoidal method. The CL estimates from the simulated PK profiles (calculated as dose of morphine divided by AUC~∞~) were compared with observed CL data from the clinical PK‐PG study.[7](#psp412144-bib-0007){ref-type="ref"}

###### 

J~max~ estimates for each OCT1 transporter genotype

  Group           Genotype    J~max~ estimate (pmol/min/mg lysate protein)
  --------------- ----------- ----------------------------------------------
  Wild            \*1 × \*1   29.0
  Heterozygotes   \*1 × \*2   18.1
                  \*1 × \*3   17.6
  Homozygotes     \*2 × \*2   7.21
                  \*2 × \*3   6.73

J~max~ was estimated as described in the Method section, based on the reported OCT1 variant‐dependent kinetic parameters.[6](#psp412144-bib-0006){ref-type="ref"}

J~max~, maximal flux value; OCT1, organic cation transporter‐1.

Sensitivity analysis of cardiac output and UGT2B7 activity on morphine CL in virtual pediatric and adult subjects {#psp412144-sec-0006}
-----------------------------------------------------------------------------------------------------------------

Sensitivity analyses focusing on cardiac output and UGT2B7 intrinsic activity were conducted to explore their potential impact on morphine CL. The cardiac output value, implemented in the Simcyp platform, was modified to assess its impact on morphine CL. Cardiac output values were changed from 100% to 25% of the default value (set at 100%) for healthy pediatric or adult populations in the Simcyp platform. The age‐dependent cardiac output was defined as a function of age and body surface area, as described by Johnson *et al*.[28](#psp412144-bib-0028){ref-type="ref"}

The effect of UGT2B7 activity on morphine CL was also tested. Several variants in UGT2B7 have been identified as potentially contributing to the disposition of known substrates, such as morphine.[32](#psp412144-bib-0032){ref-type="ref"} However, to date, the effects of several reported UGT2B7 variants on morphine glucuronidation have not been fully addressed. Regarding the most common UGT2B7 nonsynonymous single nucleotide polymorphism (UGT2B7\*2), it was reported that UGT2B7\*2 was not associated with altered morphine 3 and 6‐glucuronidation in adult liver microsomes (*n* = 53).[33](#psp412144-bib-0033){ref-type="ref"} A comprehensive PG study found that diplotypes containing haplotype \#4 in UGT2B7 resulted in a significant increase in the formation of morphine 3 and 6‐glucuronidation (45% and 56%, respectively) compared with diplotypes without the haplotype \#4.[34](#psp412144-bib-0034){ref-type="ref"} Based on the observed activity changes as a result of UGT2B7 genetic variants, the maximum velocity of UGT2B7‐mediated morphine glucuronidation in human liver microsomes was scaled from 50--150% of the default value (set at 100%), as shown in **Table** [1](#psp412144-tbl-0001){ref-type="table-wrap"}, [4](#psp412144-bib-0004){ref-type="ref"}, [5](#psp412144-bib-0005){ref-type="ref"}, [6](#psp412144-bib-0006){ref-type="ref"}, [14](#psp412144-bib-0014){ref-type="ref"}, [15](#psp412144-bib-0015){ref-type="ref"}, [16](#psp412144-bib-0016){ref-type="ref"}, [17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"} for the simulations in virtual pediatric and adult healthy subjects.

The PK profiles of morphine were simulated with modified cardiac output and UGT2B7 intrinsic activity in virtual pediatric and adult subjects. In the simulations, the OCT1 genotype was considered and OCT1\*1/\*1, \*1/\*2, and \*2/\*2 were used as the representation of wild type, heterozygotes, and homozygotes, respectively. In the trial design, age was set at 6 years old for pediatric subjects and 30--40 years for adult subjects. The proportion of women were set at 50%, and a total number of 400 simulations (*n* = 20 virtual subjects × *n* = 20 trials) was performed for both virtual pediatric and adult subjects. The CL of morphine was calculated from the simulation result, as described earlier.

RESULTS {#psp412144-sec-0007}
=======

Morphine PBPK model development and validation in adults {#psp412144-sec-0008}
--------------------------------------------------------

An initial PBPK model was developed using morphine‐specific physicochemical parameters and *in vitro* and *in vivo* data, as summarized in **Table** [1](#psp412144-tbl-0001){ref-type="table-wrap"}.[4](#psp412144-bib-0004){ref-type="ref"}, [5](#psp412144-bib-0005){ref-type="ref"}, [6](#psp412144-bib-0006){ref-type="ref"}, [14](#psp412144-bib-0014){ref-type="ref"}, [15](#psp412144-bib-0015){ref-type="ref"}, [16](#psp412144-bib-0016){ref-type="ref"}, [17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"} Morphine was assumed to be transported into hepatocytes via passive diffusion and OCT1 transporter‐mediated uptake. The parameters related to the hepatic transport of morphine are the passive diffusion CL and the scaling factor of OCT1 activity for *in vitro*‐*in vivo* extrapolation, as implemented in the morphine PBPK model. The impact of these two parameters on morphine concentration‐time profiles was evaluated by exploratory sensitive analysis using PBPK modeling (**Supplementary Figure S1**). The changes in both parameters showed a direct effect on the morphine PK simulation results. The estimation of these parameters was conducted via fitting as part of the development of the morphine PBPK model because the passive diffusion CL and the scaling factor of OCT1 activity were not available. The passive diffusion CL and the scaling factor of OCT1 activity were estimated to be 0.0034 mL/min/million hepatocytes and 5.1 (mg lysate protein/million cells), respectively, using data from six individual subjects. After these estimated parameters for the hepatic uptake transport component were implemented into the model, the PK simulation of morphine was conducted using the same trial design as used for the parameter estimation process (**Supplementary Table S1**). The simulation result of the morphine concentration‐time profiles are shown in **Figure** [1](#psp412144-fig-0001){ref-type="fig"} **a** [17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"}, [23](#psp412144-bib-0023){ref-type="ref"}, [24](#psp412144-bib-0024){ref-type="ref"}, [25](#psp412144-bib-0025){ref-type="ref"}, [26](#psp412144-bib-0026){ref-type="ref"} together with observed clinical data from six individual adult subjects. The predicted AUC~∞~ and CL estimates were 49.4 ± 10 ng/mL\*hr and 17.7 ± 3.8 mL/min/kg, respectively (mean ± SD; **Table** [3](#psp412144-tbl-0003){ref-type="table-wrap"}, [18](#psp412144-bib-0018){ref-type="ref"}, [25](#psp412144-bib-0025){ref-type="ref"}). These values were close to the observed AUC~∞~ values of 45.9 ± 7.7 ng/mL\*hr and CL of 17.9 ± 7.3 mL/min/kg, and the ratio of predicted to observed data was 1.1 and 0.99, respectively. Regarding the range of trial means, minimum to maximum was 41.9--64.6 ng/mL\*hr for AUC~∞~ and 13.8--21.6 mL/min/kg for CL (virtual 67 trials with 6 subjects).

![Observed and simulated concentration‐time profiles of morphine with the adult physiologically based pharmacokinetic (PBPK) model. Open circles represent the observed data from reported clinical studies: Hoskin *et al*.[18](#psp412144-bib-0018){ref-type="ref"}; Lötsch *et al*.[23](#psp412144-bib-0023){ref-type="ref"}; Lötsch *et al*.[24](#psp412144-bib-0024){ref-type="ref"}; Stuart‐Harris *et al*.[25](#psp412144-bib-0025){ref-type="ref"}; Dershwitz *et al*.[26](#psp412144-bib-0026){ref-type="ref"}; Säwe *et al*.[17](#psp412144-bib-0017){ref-type="ref"} Details on parameter settings used for each simulation in this study are summarized in **Supplementary Table S1**.](PSP4-6-110-g001){#psp412144-fig-0001}

###### 

Comparison of predicted and observed morphine pharmacokinetics parameters in healthy adults

                                                    PK parameters (mean ± SD)[^a^](#psp412144-note-0006){ref-type="fn"}   
  ------------------------------------------------- --------------------------------------------------------------------- ------------------------------------------------------
  Prediction                                        49.4 ± 10                                                             17.7 ± 3.8
  Observed (*n* = 6)^18^                            45.9 ± 7.7[^b^](#psp412144-note-0006){ref-type="fn"}                  17.9 ± 7.3[^c^](#psp412144-note-0006){ref-type="fn"}
  Ratio[^d^](#psp412144-note-0006){ref-type="fn"}   1.1                                                                   0.99
                                                    PK parameters (mean ± SD)[^a^](#psp412144-note-0006){ref-type="fn"}   
  Model verification                                AUC~**∞**~ (nM\*hr/70 kg)[^e^](#psp412144-note-0006){ref-type="fn"}   CL (mL/min/70kg)^e^
  Prediction                                        352 ± 133                                                             1,232 ± 260
  Observed (*n* = 6)^25^                            290 ± 67                                                              1,584 ± 408
  Ratio                                             1.2                                                                   0.78

AUC~∞~, area under the curve to infinity; CL, clearance; PK, pharmacokinetic.

^a^Mean ± SD of total of 402 simulations (67 virtual trials with 6 subjects). ^b^AUC was corrected for the actual free‐based dose. ^c^CL estimate based on dose as morphine base. ^d^Ratio of predicted to observed data. ^e^Predicted PK parameters were normalized to 70 kg because reported PK parameters were standardized to a weight of 70 kg.

This PBPK model was defined as the base model of morphine for adults. After that, the evaluation of the developed base model was conducted using data reported in five different clinical studies in adults using the same trial design in the simulations as used in the original clinical studies (**Supplementary Table S1**). The simulation results of the morphine concentration‐time profiles are shown in **Figure** [1](#psp412144-fig-0001){ref-type="fig"} **b--f** together with the actual observed data (individual observations in **Figure** [1](#psp412144-fig-0001){ref-type="fig"} **b**; mean observational data in **Figure** [1](#psp412144-fig-0001){ref-type="fig"} **c--f**). Almost all observed data fell within the 5th to 95th percentile range of the simulations. Among the five clinical trial datasets used for the model validation, morphine PK parameter estimates for AUC~∞~ and CL were available from the study by Stuart‐Harris *et al*.[25](#psp412144-bib-0025){ref-type="ref"} (**Figure** [1](#psp412144-fig-0001){ref-type="fig"} **d**). The predicted AUC~∞~ and CL estimates were 352 ± 133 nM\*hr/70 kg and 1,232 ± 260 mL/min/70 kg, respectively (mean ± SD; **Table** [3](#psp412144-tbl-0003){ref-type="table-wrap"}, [18](#psp412144-bib-0018){ref-type="ref"}, [25](#psp412144-bib-0025){ref-type="ref"}). These predicted data were within a twofold window of the reported mean AUC~∞~ values of 290 ± 67 nM\*hr/70 kg and CL of 1,584 ± 408 mL/min/70 kg, and the ratio of predicted to observed data was 1.2 and 0.78, respectively. Regarding the range of trial means, minimum to maximum was 233--549 nM\*hr/70 kg for AUC~∞~ and 993--1,558 mL/min/70 kg for CL (virtual 67 trials with 6 subjects).

The effect of OCT1 genotype on morphine CL in pediatric patients {#psp412144-sec-0009}
----------------------------------------------------------------

The OCT1‐mediated morphine transport activity was implemented into the PBPK model to describe the morphine uptake in hepatocytes. As part of the model validation process focusing on the adequacy of OCT1 activity for hepatic transport of morphine, morphine CL for each OCT1 genotype was simulated with the Simcyp Pediatric platform. *In vitro* OCT1 transporter activity (i.e., J~max~) was defined as the average value corresponding to each OCT1 variant in the *in vitro* expression cell system used in this study. The simulated CL values are shown in **Figure** [2](#psp412144-fig-0002){ref-type="fig"}, [7](#psp412144-bib-0007){ref-type="ref"} together with observed data in individual pediatric patients. The observed CL values were within a twofold range of the median predictions in wild‐type subjects (\*1/\*1), in heterozygotes (at least one \*1 allele), and in homozygotes. There was one 7‐year‐old patient who was heterozygous (\*1/\*2) and who showed a 2.1‐fold higher CL compared to the median of the simulated CL data in the 7‐year age group with the same \*1/\*2 genotype. The simulated concentration‐time profiles in 6‐year‐old virtual subjects with each representative OCT1 genotype are shown in **Figure** [3](#psp412144-fig-0003){ref-type="fig"}, [7](#psp412144-bib-0007){ref-type="ref"} overlaid with observed data from individual pediatric patients with the same age/genotype. The PBPK model simulations demonstrated the impact of OCT1 genotype on the morphine concentration‐time profiles (**Figure** [3](#psp412144-fig-0003){ref-type="fig"} **e**).

![Comparison between predicted and observed morphine clearance (CL) for each organic cation transporter (OCT1) transporter genotype in pediatric subjects aged 6--15 years old. The predicted CL values are represented by box‐and‐whisker plots. The 25th percentile, median, and 75th percentile are represented by the bottom, middle, and top of the boxes, respectively. The minimum and maximum values are represented by the vertical lines arising from each box. Each closed circle represents observed individual data.[7](#psp412144-bib-0007){ref-type="ref"}](PSP4-6-110-g002){#psp412144-fig-0002}

![Pediatric physiologically based pharmacokinetic (PBPK) model predicted vs. observed concentration‐time profiles of morphine in children. The simulation of morphine concentration‐time profile was conducted for each organic cation transporter (OCT1) genotype (**a**) for wild \*1/\*1 type, (**b**) for \*1/\*2 heterozygous, (**c**) for \*1/\*3 heterozygous, (**d**) for \*2/\*3 homozygous, and (**e**) for all OCT1 genotype tested in this study with time range up to 24 hours, according to the Method section. The simulation results shown in **a** to **d** were overlaid with observed data (open circles).[7](#psp412144-bib-0007){ref-type="ref"} Solid and dashed lines represent the mean and 5th/95th percentiles of simulation results, respectively.](PSP4-6-110-g003){#psp412144-fig-0003}

![Impact of cardiac output (**a**) and uridine 5′‐diphosphate glucuronosyltransferase (UGT)2B7 activity (**b**) on predicted morphine clearance (CL) in virtual children and adults. Data are presented as mean ± SD of the simulation results. OCT1, organic cation transporter.](PSP4-6-110-g004){#psp412144-fig-0004}

The impact of cardiac output and UGT enzyme activity on morphine CL in virtual pediatric and adult subjects {#psp412144-sec-0010}
-----------------------------------------------------------------------------------------------------------

To assess the impact of changes in cardiac output and UGT2B7 enzyme activity on morphine CL, values were changed from 25% to 100% for cardiac output and from 50% to 150% for UGT enzyme activity, in which 100% represents a normal value in a subject (**Figure** [4](#psp412144-fig-0004){ref-type="fig"}). Morphine CL was sensitive to changes in cardiac output in both adult and pediatric subjects. In adults, reducing cardiac output to 50% of normal resulted in a decrease in morphine CL of 33% for OCT1 wild type, 30% for OCT1 \*2 heterozygotes, and 24% for OCT1 \*2 homozygotes, respectively. In children, the results were a decrease in morphine CL of 29% for OCT1 wild type, 26% for \*2 heterozygotes, and 19% for \*2 homozygotes, respectively.

Changes in UGT2B7 enzyme activity resulted in a smaller impact on morphine CL compared to those for cardiac output changes in both adult and pediatric subjects. In adult subjects, a reduction in UGT2B7 enzyme activity of 50% resulted in a decrease in morphine CL of 6% for OCT1 wild type, 7% for OCT1 \*2 heterozygotes, and 9% for \*2 homozygotes, respectively. In pediatric subjects, the results were a decrease in morphine CL of 9% for OCT1 wild type, 10% for OCT1\*2 heterozygotes, and 13% for OCT1\*2 homozygotes, respectively.

DISCUSSION {#psp412144-sec-0011}
==========

There is a lack of mechanistic understanding of the important factors contributing to the large variability in morphine PKs observed in adult and pediatric patients. In this study, variability in morphine disposition was postulated to be due to multiple contributing factors, such as PG and physiological determinants, as well as age‐dependent developmental changes in pediatric patients. In order to assess the impact of these determinants, a whole body PBPK model of morphine was developed with morphine specific *in vitro* kinetic parameters for the hepatic uptake transporter OCT1, UGT2B7 enzyme activity, and renal excretion. Because a PBPK model includes system parameters, the model also allows us to assess the effects of hepatic blood flow changes on morphine CL.

Morphine is known to be water‐soluble with low lipophilicity (log P = 0.77; **Table** [1](#psp412144-tbl-0001){ref-type="table-wrap"}, [4](#psp412144-bib-0004){ref-type="ref"}, [5](#psp412144-bib-0005){ref-type="ref"}, [6](#psp412144-bib-0006){ref-type="ref"}, [14](#psp412144-bib-0014){ref-type="ref"}, [15](#psp412144-bib-0015){ref-type="ref"}, [16](#psp412144-bib-0016){ref-type="ref"}, [17](#psp412144-bib-0017){ref-type="ref"}, [18](#psp412144-bib-0018){ref-type="ref"}) and this will make it more difficult for the drug to pass through the membrane phospholipid bilayer; in agreement with this morphine has shown poor passive membrane permeability in HEK293 cells.[6](#psp412144-bib-0006){ref-type="ref"} We previously identified the PG contribution of OCT1, an uptake transporter at the sinusoidal membrane of human hepatocytes, to morphine CL in pediatric patients after intravenous administration. These findings indicate that the hepatic transport of morphine is mediated by OCT1 in addition to passive diffusion. As another clinical observation related to morphine CL, it was reported that the morphine CL after noncardiac surgery was higher than that after cardiac surgery in neonates and infants.[35](#psp412144-bib-0035){ref-type="ref"} These two clinical observations made us hypothesize that OCT1‐genotype and hepatic blood flow could be key determinants of variability in morphine disposition.

In this study, the passive diffusion CL of morphine was estimated to be 0.0034 mL/min/million hepatocytes through the fitting approach using observed clinical data in healthy volunteers together with physicochemical and *in vitro* data. In a similar fashion, the scaling factor of OCT1 activity for the extrapolation of *in vitro* OCT1‐mediated intrinsic clearance of morphine from the *in vitro* cell system (HEK293) to hepatocyte was estimated to be 5.1 lysate protein/million hepatocytes. Based on these parameter estimates, morphine sinusoidal uptake transport activity (CL) by OCT1 was calculated to be more than 10 times higher than transport activity via passive diffusion. This observation indicated that the transport process of morphine into hepatocytes could be mainly driven by the OCT1 transporter. Although, empirically, the approach to model OCT1 by applying different J~max~ values for each genotypes gives reasonable results, mechanistically, OCT1 genotype may not affect protein expression too much as this is a transporter process driven by an electrochemical gradient and by membrane potential, which we do not account for mechanistically in the current model.

In PBPK modeling, organ blood flow is a function of cardiac output. In the Simcyp Simulator platform, the total liver blood flow is calculated from the sum of hepatic arterial and hepatic portal vein blood flows, representing 6.5% and 19% of cardiac output, respectively.[28](#psp412144-bib-0028){ref-type="ref"} This study demonstrates that changes in cardiac output, which links to hepatic blood flow level, resulted in considerable alteration in morphine CL in both virtual pediatric and adult subjects. In our simulations, reducing cardiac output to 25% of normal resulted in a decrease in morphine CL of 48--58% in adults (depending on OCT1 genotype). Interestingly, the PBPK prediction of morphine CL well represents a reported clinical observation in adult patients with shock. The liver blood flow in these patients was reported to decrease to 30% compared with patients recovering from shock (287 mL/min vs. 870 ml/min).[36](#psp412144-bib-0036){ref-type="ref"} This reduction in blood flow resulted in a decrease in morphine CL to about 50% (137 min/min in patients with shock vs. 290 min/min in recovered patients).[36](#psp412144-bib-0036){ref-type="ref"} Thus, the developed PBPK model is able to reproduce morphine CL changes in relation to the changes in liver blood flow/cardiac output, as observed in critically ill patients. In this way, the advantage of PBPK modeling is to mechanistically explore likely underlying reasons for observed drug PK behavior in critically ill patients.

Morphine is reported to have a high extraction ratio of 0.7 after intravenous administration in healthy volunteers.[37](#psp412144-bib-0037){ref-type="ref"} For a drug with a high extraction ratio, in general, hepatic blood flow is the rate‐limiting factor for drug elimination through the liver, which we confirmed in this study. Furthermore, slight differences were observed in the influence of blood flow level and UGT2B7 activity on predicted morphine CL between pediatric subjects and adults. That is, the predicted morphine CL in adults was slightly more sensitive to changes in blood flow compared to that in pediatric subjects aged 6 years; however, the predicted morphine CL in pediatric subjects was slightly more sensitive to changes in UGT2B7 activity compared with that in adults. These differences might be due to a smaller hepatic extraction ratio in pediatric compared with adult subjects. Recently, it was reported that the hepatic extraction ratio of midazolam varies with age due to age‐dependent physiological changes.[38](#psp412144-bib-0038){ref-type="ref"}

Regarding age‐dependent OCT1 protein expression and OCT1‐mediated intrinsic CL, Prasad *et al*.[29](#psp412144-bib-0029){ref-type="ref"} reported that protein expression of OCT1 was not significantly different between children and older age groups, such as adolescents and adults; but there was a difference in neonates and infants compared with the older age groups. In addition, there was no significant difference found in the mRNA expression level between children aged 7 and older and adults in human liver.[29](#psp412144-bib-0029){ref-type="ref"}, [30](#psp412144-bib-0030){ref-type="ref"} Accordingly, the developmental changes of the OCT1 transporter expression per milligram protein in the liver was not considered in this study because our previous clinical data used as a clinical reference included the age of pediatric patients ranged from 6--15 years.[7](#psp412144-bib-0007){ref-type="ref"} Recently, the Pediatric Transporter Working Group reported a lack of knowledge on ontogeny of drug transporters, including the OCT1 transporter.[39](#psp412144-bib-0039){ref-type="ref"} As a next step, the ontogeny profile of the OCT1 transporter is being investigated as part of morphine PK simulation studies in neonates and small infants.

One limitation of the current study is that we have not considered the role of transporters in morphine renal CL, although it is considered \<10% of total elimination, there are circumstances in which this pathway could be of importance. The overall renal CL of morphine is around 8.4 L/h but the calculated f~u~\*GFR will give a CL estimate due to filtration of ∼4.7 L/h, thus active tubular secretion of morphine must be occurring. As discussed earlier, morphine has a poor passive permeation across a lipid bilayer. However, the corresponding transporter at the apical side moving the compound from the renal cell toward the urine is currently not known, although there are several potential candidates. In fact, a series of morphine analogues have been investigated against organic cation and anion transporters in the rat.[40](#psp412144-bib-0040){ref-type="ref"} The data indicate that these morphine analogues are "polysubstrates" that interact with different renal organic cation and anion transporters. Further investigation on the contribution of renal transporters to morphine CL would improve the current PBPK model. On another note, the current morphine PBPK model can predict the morphine concentration‐time profile, but not the metabolite profiles for morphine‐3‐glucuronide (an inactive metabolite) and morphine‐6‐glucuronide (an active metabolite).[41](#psp412144-bib-0041){ref-type="ref"} In order to capture the exposure levels of morphine metabolites, we need to develop the combined PBPK models of morphine and its metabolites, which will be considered in a next study.

This study indicates that hepatic blood flow and OCT1‐dependent hepatic uptake are the rate‐determining processes for morphine entry into hepatocytes *in vivo* and explain the drug exposure in plasma after intravenous administration. Thus, OCT1 genotype has an influence on morphine CL. Similarly, changes in cardiac output, including age‐dependent changes in pediatric patients, could contribute to the variability in morphine disposition. This study illustrates the utility of the PBPK modeling approach to perform an assessment for alteration of drug CL due to multiple physiological parameters varying with age. Furthermore, the factors identified through this PBPK modeling would improve population PK models of morphine, which have already integrated body weight and/or age of patients, as additional physiologically informed covariates. This complementary usage of both PBPK modeling and population PK modeling will improve our mechanistic understanding of which factors are contributing to the observed variability in morphine PKs.
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